Cultures of E. coli (Crooks strain) were grown on a phosphatebuffered, succinate-based medium and treated as described (9).
35S-labeled a subunit (dephosphorylated), one nonradioactive a subunit (phosphorylated), and two ,f subunits per tetrameric molecule. With the aid of a selective chromatographic procedure for the isolation of peptides that contain phosphohistidyl residues, we have shown that each ofthe a subunits undergoes phosphorylation when the hybrid enzyme is exposed briefly to substrates. This result demonstrates that the two active sites are capable of alternate activity and lends support to the concept of alternating sites cooperativity. The half-of-the-sites phosphorylation that occurs with this enzyme is not a consequence of permanent asymmetry or other lack of equivalence of the two a subunits.
Most enzymes are composed of subunits. Rationales for oligomeric structures are often clearly evident. These include homotropic cooperativity and related allosteric phenomena (e.g., ref. 1); the possibility for shared active sites between subunits, as exemplified by phosphofructokinase (2) and other enzymes; and the capacity for more effective folding or enhanced stability in a multienzyme structure (3) .
Succinyl-CoA synthetase [succinate: CoA ligase (ADP-forming), EC 6.2.1.5] of Escherichia coli has an a2/32 subunit structure (4) . It now seems certain that the reason for two kinds of subunits in the enzyme is that the active site overlaps both a and A3. Whereas the /3 subunit contains sites for attachment of the substrate succinate and CoA (5, 6) , the a subunit binds ATP and contains the active-site histidine residue that is phosphorylated as a catalytic intermediate (7) (8) (9) . Less clear, however, is the rationale for the presence of two copies of each subunit in the tetrameric enzyme. The results that we report here demonstrate the capacity for alternate activity of the two catalytic centers of the a2/32 tetramer. This ability is essential to the concept of alternating sites cooperativity that has been proposed for this enzyme; this concept generally visualizes attachment of substrates at one active site promoting catalytic events at the other (8) .
MATERIALS AND METHODS Preparation of Succinyl-CoA Synthetase and Its Subunits. Cultures of E. coli (Crooks strain) were grown on a phosphatebuffered, succinate-based medium and treated as described (9) .
Bacteria to be labeled with the radioisotope 'S were grown under similar conditions, except that the total volume was 10 liters. Carrier-free H235SO4 (10 mCi; 1 Ci = 3.7 X 10"°becque-rels; New England Nuclear, Canada) was mixed with the metal/ salt solution, and the mixture was sterilized by membrane filtration prior to addition to the bulk of the sterile growth medium. Succinyl-CoA synthetase was purified essentially by the procedure of Leitzmann et al. (10) , with addition of a final purification step involving affinity chromatography on Blue Sepharose CL-6B. The protein concentration ofthe purified enzyme was measured by absorbance at 280 nm, with a value of 5.0 for e (11) . Succinyl-CoA synthetase was dissociated into its subunits by treatment with an acidic urea solution, and the individual subunits were subsequently isolated by gel filtration as described (12) . The subunits were stored at 40C in a solution containing 6 M urea, 5% (vol/vol) acetic acid, 0.5 mM dithiothreitol, and 0.1 mM EDTA. The protein concentrations of the purified a and 83 subunits were determined spectrophotometrically at 280 nm, with values of E equal to 2.75 and 6.8, respectively (unpublished data).
Preparation of the Phosphorylated a Subunit. Purified a subunit was phosphorylated as described (5) . An aliquot of a stock a-subunit solution (containing approximately 3 mg ofprotein) was diluted with 1 . Approximately 0.4 mg of trypsin was added to the mixture of protein and succinyl-CoA synthetase-tracer immediately after the treatment with urea and twice more at 2-hr intervals thereafter. The tryptic digestion was conducted at 37°C for a total of 5 hr. The digest was subsequently cooled to 20°C and subjected to ion-exchange chromatography.
Column Chromatography. Ion-exchange chromatography was carried out at 21°C on 0.7 x 29 cm columns of QAE-Sephadex A-25 equilibrated with 2 M urea/50 mM KCI/50 mM Tris-HCL, pH 8.1. The standard elution protocol was as follows: application of sample, elution with the equilibration buffer (1. 5 X the column volume), application of a 36-ml linear gradient with respect to KCl (50-300 mM KCl in the same buffer), and final washing with 30 ml of 300 mM KCl in the same buffer.
Material that was pooled from the foregoing fractionation of tryptic digests was desalted by gel exclusion chromatography on a 1 X 32 cm column of Sephadex G-10 equilibrated and eluted with 0.01 M NH40H at 4°C.
Measurement of Radioactivity. Radioactivity was measured using Aquasol (New England Nuclear) with a Beckman LS-230 liquid scintillation counter equipped with fixed-window isoset modules.
Gel Electrophoresis. Disc gel electrophoresis on 7% (wt/ vol) polyacrylamide gels was carried out as described (14) . E-P + succinate = E succinyl-phosphate [2] E succinyl-phosphate + CoA = E + succinyl-CoA + Pi. [3] Formation of E-P provides a convenient method for labeling a functional active site. Repeated measurements in this laboratory (15) have shown that succinyl-CoA synthetase exhibits halfof-the-sites reactivity with respect to E-P formation; only one phosphoryl group is incorporated per a2p2 tetramer after treatment with excess ATP. The question addressed here is whether this behavior is caused by (i) preexisting asymmetry with one a subunit predestined to be inactive or (ii) alternating activity of the two a subunits in a situation in which constraints of the mechanism preclude simultaneous phosphorylation of the two sites. The latter explanation, as discussed below, is in keeping with the concept of alternating sites cooperativity.
RESULTS
To test the capacity for alternate activity of the two sites, we developed the experimental scheme outlined in Fig. 1 . The plan involved preparation of a hybrid enzyme containing 35S-label in one of the two a subunits and phosphohistidine in the other. After the putative alternating activity, the location of the phosphoryl group should be scrambled to produce a species in which the 35S-labeled subunit is also phosphorylated. Because we have been unable to develop reliable methods for the separation of a and a-P subunits, the scheme included exploiting a method that we have devised for the isolation of peptides containing phosphohistidine (16) . In this method, a trypsin digest is subjected to ion-exchange chromatography, the phosphopeptide fraction is treated with dilute acid to remove the phosphoryl group by hydrolysis, and repeat chromatography under the same conditions results in specific early elution ofthe previously phosphorylated peptide by virtue of its loss of net negative charge. Because the phosphohistidine-containing peptide contains NH2-terminal methionine (16) , the peptide thus isolated should contain 3S, provided that scrambling of the phosphoryl group has occurred. Preparation ofHybrid Enzyme. In accordance with the foregoing scheme, we prepared hybrid enzyme by refolding a mixture of individual subunits to produce tetramer containing two ,B subunits, one 3S-labeled a subunit (unphosphorylated), and one unlabeled a-P-subunit. The refolded mixture was purified by gel filtration, effectively separating active refolded enzyme from inactive aggregated material (Fig. 2 A and B) . The specific catalytic activity of the hybrid enzyme (-48 units/mg through the peak) was equivalent to that expected for pure succinyl-CoA synthetase. * Fig. 2C shows that the active fractions contained * The presence of inactive material in Fig. 2A one 'S-labeled a subunit per tetramer, as expected. The equivalence ofthe hybrid enzyme to the native species was confirmed by gel electrophoresis (Fig. 3) ; the purified hybrid (lane B) migrated identically to native E-P (lane C) and contained no detectable free a or subunits (lanes D and E, respectively). Presence of significant amounts of dephosphorylated tetramer is ruled out by the specific activity of the hybrid enzyme at the theoretical limit [dephosphorylated refolded enzyme is inactive (12) ] and by the homogeneity of both protein stain and radioactivity in the electrophoretic pattern. Therefore, the reassembly of the hybrid enzyme has not followed a binomial distribution but has strongly favored the desired monophosphorylated tetramer.
Test for Alternating Sites. This experiment was performed as outlined in Fig. 1 the digests were subjected to anion-exchange chromatography on QAE-Sephadex A-25. Fig. 4 shows the resulting chromatograph for the sample that had been exposed to substrates; the control was virtually identical. Guided by the 32P-labeled tracer, we pooled fractions containing phosphopeptide from both digests, and these were desalted on Sephadex G-10. The solutions were then adjusted to pH 2.0 by addition of concentrated HCl and incubated at 37TC for 12 hr to allow for hydrolysis of the NP bond of the phosphohistidyl residue. The acid digests were concentrated by lyophilization and reapplied to identical QAE-Sephadex A-25 columns. The results show clearly that the mild acid hydrolysis gave rise to an 'S-labeled active-site peptide in the chromatographic breakthrough (Fig.  5A) , whereas there was no significant S-labeled material produced in the control experiment (Fig. 5B) . The recovery of 'Slabeled peptide was not trivial, because knowing the specific radioactivity of the 'S-labeled hybrid, we calculated that fractions 6-8 of Fig. 5A binding of substrate at one site promoting catalytic events at another. This concept provides a rationale that may contribute to the prevalence of multisubunit structures in enzymology. In ,the case of E. coli succinyl-CoA synthetase, Bild et al. (8) Bild et al. (8) , but also by enzyme concentration, with the exchange rate substantially diminished at high dilutions. These observations raise the possibility that the proposed ATP-driven intersite cooperativity may involve enzyme dissociation and reassociation.
